Multilayers of Co/ZnO, with varying nominal thickness of metal ͑2-10 Å͒ and semiconductor ͑2-20 Å͒, were prepared by ion-beam sputtering. Magnetic, transport, and magnetotransport measurements were carried out over a temperature range of 2.5 to 300 K. Upon decreasing Co thickness and increasing ZnO thickness in the multilayer stack, the properties of the samples undergo a crossover from those of granular metallic Co/semiconductor multilayers to a dilute magnetic semiconductor superlattice. We interpret ferromagnetism in the latter case as due to ordering in the Co-rich layers, mediated by carriers from lightly doped, high carrier concentration layers. 2 Room-temperature FM has been recently demonstrated in Co-doped oxide semiconductor films, such as anatase TiO 2 3,4 and wurtzite ZnO, 5, 6 in GaN doped with Cr 7 or Mn, 8, 9 and Cr-doped AlN, 10,11 deposited by various techniques. However, superb magnetic properties have been associated with the presence of clusters of concentrated phase in a more diluted matrix for some room-temperature FM samples.
1
has been attracting increasing effort since the discovery of ferromagnetism, with a relatively high Curie temperature of 110 K, in Mn-doped GaAs diluted magnetic semiconductors ͑DMSs͒.
2 Room-temperature FM has been recently demonstrated in Co-doped oxide semiconductor films, such as anatase TiO 2 3,4 and wurtzite ZnO, 5, 6 in GaN doped with Cr 7 or Mn, 8, 9 and Cr-doped AlN, 10, 11 deposited by various techniques. However, superb magnetic properties have been associated with the presence of clusters of concentrated phase in a more diluted matrix for some room-temperature FM samples. [12] [13] [14] On the theoretical side, discussion continues in the literature on the mechanisms of FM in room-temperature DMSs, including the role of carriers in magnetism. 11, [15] [16] [17] [18] In this letter, we report a study of magnetic and transport properties of multilayers made by alternating deposition of atomic-scale layers of ZnO and Co, with aluminum doping. At relatively low Co content, this method results in a superlattice with alternating layers of heavily magnetically doped, low carrier concentration material, and a lightly magnetically doped, but more conductive, semiconductor. Increasing the relative nominal thicknesses of the Co layers leads to a crossover from a DMS superlattice, with the Curie temperature higher than 300 K, to superparamagnetic granular multilayers with zero remanence and zero coercivity at room temperature. This change is associated with a crossover from conduction of the type similar to Al-doped ZnO to variable range hopping ͑VRH͒, with varying dimensionality, between metal granules.
Superlattices of Co/ZnO doped with Al, with varying nominal thickness of metal ͑2-10 Å͒ and semiconductor ͑2-20 Å͒, were prepared by ion-beam sputtering on silicon and glass substrates at room ͑ambient͒ temperature, at a base pressure of 10 Ϫ7 Torr and deposition Ar pressure of 1.1 ϫ10 Ϫ4 Torr. The number of double layers varied between 15 and 25. The deposition rate was calibrated to achieve uniform values of 0.22 Å/s for ZnO, and 0.25 Å/s for Co. The films were characterized by x-ray diffraction ͑XRD͒ and Rutherford backscattering ͑RBS͒. Magnetic, transport, and magnetotransport measurements were carried out over a temperature range of 2.5 to 300 K on a Quantum Design MPMS-5 system.
RBS studies showed the Co/Zn atomic ratios in the range from 0.1 to 1.25, consistent with the expected values, an excess of oxygen compared to Zn in stoichiometric ZnO, and about 5% of aluminum ͑donor dopant͒. Fig. 3͑e͒ for comparison. For granular samples with the thinnest ZnO layers, resistivity follows a VRH law (ln ϳ(T 0 /T) n ϩconstant) with n close to 1/2, typical of hopping between metal granules in an insulator at intermediate temperatures. 19 Detailed analyses of these data show 20 that a crossover from the dominating quasi-twodimensional (nտ1/2) to three-dimensional (nՇ1/2) VRH occurs as the ZnO nominal thickness increases from 2 to 5 Å. A dependence with nϭ1 is observed at low temperatures, both in the sample with 20 Å ZnO layers and in the Al-doped ZnO film with no Co added. We conclude that the dominating conduction mechanisms in this sample are similar to those in ZnO:Al. Figures 4͑a͒-4͑d͒ show the magnetoresistance of these samples, measured with the magnetic field perpendicular to the film plane, at 48 K, a minimum temperature at which resistances for all samples were measurable within the limitations of our instruments. We assume that the negative tunneling magnetoresistance 21 is dominating in the superparamagnetic state ͓Figs. 4͑a͒ and 4͑b͔͒. A small positive magnetoresistance in samples with thicker ZnO layers ͓Fig. 4͑d͔͒ is typical of doped semiconductors. 20, 22 This positive component increases greatly at low temperatures, as shown by the curve ͑e͒ for the sample with 20 Å ZnO layers.
There are two competing channels of conduction in the system, which differ in the temperature dependence of resistivity. Increasing the total relative amount of Co in the films, at a fixed Al doping level, increases the resistivity of the semiconductor ͓compare Figs. 3͑d͒ and 3͑e͔͒ . Hence, cobalt impurities, while necessary for the presence of magnetic moments, provide traps for carriers that mediate magnetic order. Upon further decreasing ZnO layer thickness, the number of Co metal inclusions grows, which leads to increasing conductivity via intergranular tunneling ͑hopping͒ channel. At the same time, the number of carriers in the semiconductor matrix, needed for mediating FM in DMS, decreases sharply, and high-temperature FM disappears. Now let us consider the FM structure (ZnO 20 Å Co 2 Å ) 25 . This sample contains no metal inclusions, based on both magnetic and structural results. We assume that, due to limited diffusion length at given ambient deposition conditions, the semiconductor superlattice consists of cobalt-rich, low carrier-concentration layers, alternating with layers lightly doped with Co, and hence having higher carrier concentration. We hypothesize that the presence of lightly doped layers can play an important role in FM by mediating exchange in the Co-rich layers. A uniform increase of the concentration of transition metal in DMS eventually leads to the deterioration of FM properties above a certain doping level. On the other hand, clusters of very heavily doped anatase (TiCo͒O 2 in almost depleted anatase matrix have been shown to have very high spontaneous moment per Co atom.
14 Our hypothesis of the ''proximity effect'' of the conducting matrix on heavily doped regions, if correct, may not only be useful in resolving this controversy, but also pave a new path in engineering of high-moment DMS nanostructures.
In summary, we have prepared ͑Zn,Co͒O:Al DMS superlattices, with the Curie temperature higher than room temperature, by alternating deposition of ZnO and Co as multilayers on the atomic scale. Over-doping with cobalt leads to a suppression of high-temperature ferromagnetism. At the same time, Co granules are formed at decreasing thickness of ZnO layers, leading both to superparamagnetism and a crossover of conduction to hopping between metal granules.
